In many applications, a temperature of fixed cross section of micro-tube is not uniform, but it can deviate from its equilibrium value. In this case the gas flow is not axi-symmetrical any more, but the flow is two dimensional. Under such conditions, the density cannot be considered as uniform across the section and gas circulations can occur. The aim of the present work is numerical calculation of distributions of velocity, density and temperature caused by an azimuthal temperature distribution over the tube wall. The problem is solved on the basis of the kinetic equation over a wide range of the gas rarefaction.
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Statement of the problem
When the temperature of a cross section of micro-tube is not uniform, the gas flow is not axisymmetrical any more. In this case a gas circulations occurs due to the thermal creep on the tube wall. Such phenomena are well known and some examples are given in Chapter 5 of Ref. [1] . Here, we will consider a circular cross section, which is most typical in practice. Consider a gas confined inside of a long tube with an azimuthal temperature distribution T w (ϕ). Since the longitudinal pressure and temperature gradients are absent, the gas does not flow along the tube, but it can circulate within the cross section.
In our calculations, we assume the following azimuthal distribution over the tube wall
where T 0 is the equilibrium temperature, 0 ≤ ϕ ≤ 2π is the azimuthal variable shown in Fig.1 and ∆T is the maximum temperature deviation which is small compared with the equilibrium temperature, i.e.
For a given temperature distribution the main parameter determining the solution is the gas rarefaction defined as
where P 0 is the equilibrium pressure, R is the tube radius, µ is the gas viscosity, v 0 is the most probable molecular speed given by
k is the Boltzmann constant, m is the molecular mass.
We are going to calculate the following quantities: Relative density deviation
where n(y, z) is the local number density.
Relative temperature deviation
where T (y, z) is the local temperature. Dimensionless bulk velocity
where u = u y , u z is the dimensional bulk velocity. Dimensionless heat flux
where q = q y , q z is the dimensional heat flux.
Input equation
For our aim the S-model [2] of the Boltzmann equation, which gives the correct expression for the viscosity and the thermal conductivity in the hydrodynamic regime, is most suitable. This model equation reads
where f = f (t, r , v) is the distribution function, t is the time, r is the position vector, v is the molecular velocity, P is the local pressure, f M is the local Maxwellian defined as
and V is the peculiar molecular velocity
The local values of the number density n, the temperature T , the bulk velocity u and the heat flow vector q are calculated as
Here, we consider the steady-state gas flow, therefore the dependence of the distribution function and its moments on the time will be omitted.
Since ∆T is significantly smaller than the equilibrium temperature T 0 , the kinetic equation can be linearized with respect to ∆T /T 0 so that
where f 0 is the absolute Maxwellian corresponding to the equilibrium state at the number density n 0 and temperature T 0
r and c are dimensionless variables
Substituting (16) into (9), (12)-(15) and taking into account (2) -(8) we obtain the linearized kinetic equation
The moments introduced above are expressed in term of the perturbation function as
The diffuse gas-surface interaction is assumed on the tube wall, i.e.
where c r is the radial molecular velocity and the quantity υ w is calculated from the condition of wall impermeability. In other words, the normal component of the bulk velocity must be zero on the tube wall.
3 Numerical scheme Thus, we have the integral-differential equation given by Eqs. (17)- (21) with the boundary condition (22). The equation is solved by the discrete velocity method [3] [4] [5] [6] [7] .
In order to eliminate the variable c x , new perturbation functions are introduced as
Then Eq. (17) is substituted by the following two equations
These equations are coupled via the moments calculated as
Here, the Cartesian coordinates in the velocity space (c y , c z ) have been replaced by the polar coordinates (c p , θ), i.e., c y = c p cos θ, c z = c p sin θ.
According to the discrete velocity method a grid in the velocity space (c p , θ) is introduced. For the variable c p the Gaussian abscissas corresponding to the weight function
are used, while a regular grid is introduced for the variable θ.
In the physical space a non-regular grid is introduced in y and z directions in order to obtain the grid lines intersections on the circle boundary as is shown in Fig. 2 . Let us note α i j the angle characterizing the grid cells so that tan α i j = ∆y j /∆x i as is shown in Fig.3 . The explicit finite difference scheme for the function φ at the fixed point (c p , θ) of the velocity space has the following form (see Fig. 3 ):
where
The value of the function φ B (c p , θ) is calculated as the linear interpolation of φ in the two nearest points of the grid
where T i j = tan θ/ tan α i j . Because of the flow symmetry the calculations can be carried out only in the range 0 ≤ θ ≤ π/2, but over the whole physical space. The numerical scheme for the function ψ is the same as that for φ.
For the first iteration the functions υ, τ u and q are assumed to be known. When Eqs.(23) and (24) are solved for all combinations c pk and θ m , then the new quantities of υ, τ u and q are calculated according to Eqs. (27)-(31) . The quadrature has the following form
where c p k and W k are the Gaussian abscissas and weights, respectively. N c and N θ are number of points for the variables c p and θ, respectively. 
Numerical results
The calculations were carried out for the rarefaction parameter in the range 0≤ δ ≤ 20. The maximum bulk velocity over the flow field u max and its radial position r are given in Table 1 . Its azimuthal position is ϕ = 45 • for all values of the rarefaction parameter δ. It can be seen that the velocity is zero in the free molecular regime (δ = 0), i.e. the gas is at rest for any temperature distribution. It is also tends to zero in the hydrodynamic limit because the thermal creep, which causes the gas circulations, vanishes at δ → ∞. It reaches its maximum value in the slip regime flow, i.e. at δ = 12. The radial position of the maximum velocity slightly depends on the rarefaction parameter. The distribution of the bulk speed is shown in Fig.4 together with the streamlines. It can be seen that the speed reaches its largest value near the wall where the surface temperature gradient pushes the gas to the hotter region.
The density distributions are depicted in Fig.5 for some values of the rarefaction parameter. It can be seen that the distribution is antisymmetric with respect to the radius at ϕ = π/4. Its maximum positive deviation is reached at r = 1 and ϕ = 0 • , while the maximum negative deviation is placed at r = 1 and 
The value of the maximum deviation ρ max are given in Table 1 as function of the rarefaction parameter δ. The deviation of the density increases by increasing the rarefaction parameter.
In the hydrodynamic limit (δ → ∞) the deviation is related to the temperature deviations as ρ + τ = 0.5, because the pressure is constant over the cross section. The temperature distributions are depicted in Fig.6 , respectively. It can be seen that for the small value of the rarefaction parameter, i.e. δ = 0.01, the temperature slightly differs from its average valueτ = 0.5. The deviation from the average value increases by increasing the rarefaction parameter.
Concluding remarks
The distributions of the bulk velocity, density and temperature inside of a tube due to the temperature variation over its wall was calculated over the rarefaction parameter range from 0.01 to 20. It was found that the bulk velocity reaches its maximum value in the slip regime of the flow, i.e. at δ = 20.
In the future work, some other temperature distribution will be considered. 
